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Abstract—This paper investigates the application of reconfig-
urable intelligent surface (RIS) to assist a unified non-orthogonal
multiple access (RIS-U-NOMA) framework. More specifically, the
proposed RIS-U-NOMA can be applied to RIS assisted code-
domain NOMA (RIS-CD-NOMA) and power-domain NOMA
(RIS-PD-NOMA). To characterize the performance of RIS-U-
NOMA framework, we derive new approximated expressions of
outage probability and ergodic rate for a pair of users. Based on
the asymptotic expressions, the diversity orders and high signal-
to-noise ratio (SNR) slopes for the nearby and distant users are
obtained in details. In addition, the system throughput of RIS-U-
NOMA is discussed in the delay-limited and delay-tolerant trans-
mission modes. Monte Carlo simulations are provided to verify
the analytical results and indicate that: 1) The outage behaviors
of RIS-U-NOMA are better than that of RIS assisted orthogonal
multiple access (RIS-OMA) and conventional full/half-duplex
decode-and-forward relays; 2) The RIS-U-NOMA networks are
competent to obtain superior performance in ergodic rate and
achieve steeper slope than RIS-OMA; and 3) The delay-limited
and delay-tolerant throughput of RIS-CD-NOMA outperform
that of RIS-PD-NOMA.

Index terms— Non-orthogonal multiple access, reconfig-

urable intelligent surface, a unified framework, outage proba-

bility, ergodic rate

I. INTRODUCTION

As the front-edge technology to promote the next generation

of wireless communication systems, the sixth generation (6G)

communication networks will realize the intelligent connection

of everything and promote the popularization of telemedicine,

autonomous driving, virtual reality, and other applications. To

enable these, the 6G networks ought to meet more stringent

requirements in metrics, such as higher peak rates, greater

connection density, and enhanced spectrum/energy efficiency

[1]. Non-orthogonal multiple access (NOMA) has the ability to

serve multiple users in one physical resource element (RE) and
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significantly support massive connections of networks, which

has been considered to be one of the key technologies in 6G

networks [2–4]. Applying the successive interference cancel-

lation (SIC) at the receivers, NOMA is capable of achieving

the boundary of the capacity region [5]. In addition, NOMA

strikes a good compromise between system throughput and

user fairness, which is a great improvement over traditional

opportunistic communication [6]. However, a large number of

NOMA schemes have been proposed in the past decade, but

no unified standard has been formed.

Hence, the unified framework of NOMA has attracted

extensive attention of scholars. The authors of [7] evaluated

a unified NOMA framework by analyzing its outage behav-

iors over Rayleigh fading channel, where the power-domain

NOMA (PD-NOMA) was discussed as a special case. As

mentioned in [8], the resource allocation and user association

schemes have been investigated for the unified NOMA enabled

heterogeneous ultra-dense networks. More generally, NOMA

has been divided into PD-NOMA and code-domain NOMA

(CD-NOMA) [9, 10]. The authors in [11] identified that the

outage probability of PD-NOMA mainly depends on the target

rate and power allocation. It was shown that reasonable power

allocation leads to enhanced ergodic rate performance. By

integrating the concept of PD-NOMA to candidate technolo-

gies of B5G networks, different rate scenarios have been

proposed [12]. To reduce transmission delay, PD-NOMA was

incorporated grant-free to strengthen the overall packet loss

behavior [13]. Regarding CD-NOMA, the bit error rate (BER)

performance has been characterized in sparse code multiple

access (SCMA) system with designed codebooks [14]. Based

on the joint design of transmitter and receiver, the authors

in [15] proposed a non-orthogonal pattern division multiple

access scheme. As propounded in [16], the authors analyzed a

relay-based pattern division multiple access and derived outage

probability to evaluate the system performance. Driven by this

trend, the authors of [17] introduced a pattern design scheme

based on the superposition of orthogonal-building blocks,

which achieves considerable performance gains compared to

traditional pattern division random access. Furthermore, the

evolution from NOMA to next generation multiple access

(NGMA) was explored in [18]. The authors of [19] highlighted

several practical challenges and applications of NGMA, which

brought a new direction to the NOMA scheme in the 6G era.

Recently, the emergence of reconfigurable intelligent surface

(RIS) has attracted widespread attention in the academic com-

munity [20–22]. The working principle of RIS was described

in [23], where metasurfaces and reflectarrays were discussed
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as two implementations. The authors of [24] designed the

phase shifts of RIS elements and power allocation of the

base station, obtaining higher energy efficiency in comparison

with conventional amplify-and-forward relays. According to

the characteristic of RIS assisted MISO downlink system, the

authors jointly designed beamforming and phase vectors of

RIS to maximize the weighted sum rate, where the imper-

fect/perfect channel state information were taken into consid-

eration [25]. To provide valuable insights into the physical-

layer security, the authors in [26] formulated an alternating

optimization algorithm to maximize the secrecy rate of RIS

assisted multi-antenna systems.

Additionally, the application of RIS in NOMA has become a

research hotspot [27–30], which can be considered a win-win

application. In order to shed light on this issue, the authors of

[31] derived the BER expression in a RIS assisted downlink

PD-NOMA (RIS-PD-NOMA) system, which has a better

reliability than conventional NOMA systems according to the

simulation result. From the perspectives of a simple transmis-

sion design for RIS-PD-NOMA networks, the authors in [32]

observed the theoretical and simulation results for its outage

performance. Inspired by this point, a low-complexity phase

selection method was raised [33]. The authors researched

the performance of RIS-PD-NOMA in random discrete phase

shifting and coherent phase shifting. Moreover, it is obvious

that passive beamforming weights improve the performance of

outage probability, ergodic rate and spectral/energy efficiency

by machine learning in RIS-PD-NOMA [34]. Concerning CD-

NOMA integrated with RIS (RIS-CD-NOMA), the symbol

error rate of RIS assisted SCMA systems was analyzed in

[35], where the effects of reflecting elements number and

phase shifts were considered. To improve the performance

of BER, the authors of [36] employed a modified decoding

scheme, which can also reduce the decoding complexity of

the message passing algorithm for RIS-CD-NOMA. What’s

more, RIS assisted rate-splitting multiple access has been

investigated in [37], where the outage behavior of cell-edge

users is explored to demonstrate its performance advantages

over conventional RIS-NOMA.

A. Motivation and Contributions

The aforementioned research works have provided a solid

foundation for understanding the performance of RIS-PD-

NOMA and RIS-CD-NOMA networks, but a unified frame-

work for RIS assisted NOMA networks has not been well stud-

ied. The authors of [38] evaluated the outage probability and

energy efficiency with the imperfect/perfect SIC (ipSIC/pSIC)

for a practical RIS-NOMA transmission design. However,

only the case of PD-NOMA has been considered, which

will lead to a poor outage performance in the high-date rate

scenario. Based on a unified transceiver design framework, the

authors in [39] proposed an overview of NOMA transmission

scheme, while the RIS was out of consideration. In practical

applications, the fixed NOMA scheme may not always meet

the system demands, and also limits the effectiveness and

flexibility of NOMA. According to various scenarios, adopting

different NOMA schemes becomes the trend in the future. A

unified framework can flexibly adjust the system parameters

and select the appropriate NOMA mode for users according

to the scenarios and existing system resources. This can

provide a performance reference for the intelligent allocation

of resources in the intelligent radio environment. In addition,

the impact of RIS on various NOMA schemes also needs to

be carefully evaluated. To the best of our knowledge, there

is no related work analyzing the performance of RIS assisted

unified NOMA (RIS-U-NOMA) framework, which prompts

us to develop this paper. More specifically, we investigate the

performance of a pair of users, i.e., the nearby user n and

distant user m, in RIS-U-NOMA networks in terms of the

outage probability, the ergodic rate and the system throughput.

According to the above description, the main contributions of

our paper are summarized as follows:

1) We derive the approximated and asymptotic expression

of the outage probability for user n with ipSIC/pSIC

and user m for RIS-U-NOMA. Based on the asymptotic

expressions in high signal-to-noise ratio (SNR) regime,

we obtain the corresponding diversity orders. Due to the

influence of residual interference, the outage probability

for user n with ipSIC tends to the error floor in high SNR

region and achieves zero diversity order. Furthermore,

we discuss the outage behaviors of RIS-PD-NOMA as

the special case of RIS-U-NOMA (Q = 1).

2) We compare the outage probability of RIS-U-NOMA,

RIS-OMA and conventional full/half-duplex decode-

and-forward (FD/HD-DF) relays. It is demonstrated that

the outage behaviors of RIS-U-NOMA with pSIC are

better than that of RIS-OMA and conventional relays.

With the Rician factor κ, the number of subcarriers Q
and the reconfigurable elements K increase, the RIS-U-

NOMA network can achieve higher outage performance.

3) We derive the approximated expressions and correspond-

ing upper bounds of the ergodic rate for a pair of users in

the RIS-U-NOMA networks. Their high SNR slopes are

characterized as a performance indicator of ergodic rate.

It is observed that the throughput ceiling will be met for

user m at high SNRs. With the reduction of subcarriers

and reconfigurable elements, the ergodic rate of RIS-

U-NOMA networks becomes smaller. We identify that

the ergodic rate of RIS-U-NOMA is better than that of

RIS-OMA.

4) We appraise the system throughput performance of the

RIS-U-NOMA networks in delay-limited and delay-

tolerant modes. The system throughput for RIS-CD/PD-

NOMA with pSIC is better than that with ipSIC. Mean-

while, the system throughput with pSIC will converge

to the same constant Rs in high SNR region. When

the residual interference is small, the throughput per-

formance of ipSIC is very close to that of pSIC. With

the value of residual interference increasing, the system

throughput with ipSIC will significantly decrease and

tend to the single-user rate.

B. Organization and Notations
The remainder of this paper is organized as follows. In

Section II, we present the system model of the RIS-U-NOMA
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framework. The outage probability and diversity order of RIS-

U-NOMA are obtained in Section III. Exactly speaking, the

approximated and asymptotic expressions of outage proba-

bility are derived. The ergodic rate and system throughput

are analysed in Section IV. Section V presents the numerical

results and verifies the outcome of the theoretical research.

Finally, Section VI concludes the paper. The proofs of math-

ematics are provided in the Appendix.

The main notations used in this paper will be given in

the following. The probability density function (PDF) and

cumulative distribution function (CDF) of a random variable

Z are expressed as fZ (·) and FZ (·), respectively; The expec-

tation and variance operations are given by E{·} and D{·},
respectively; ‖·‖2 represents Euclidean two norm of a vector;

IQ is a Q × Q identity matrix; diag (·) denotes a diagonal

matrix; The conjugate-transpose operation is represented by

(·)H .

II. SYSTEM MODEL

Consider a RIS assisted unified downlink NOMA trans-

mission scenarios as shown in Fig. 1, where the superposed

signals in multiple subcarriers or REs are transmitted and then

reflected by RIS to M users. More specifically, on the side of

base station (BS), one sparse spreading matrix GQ×M (i.e,

sparse matrix or codebook) is utilized to map the data streams

of multiple users into Q subcarriers or REs, in which there

are several zero elements within each column and satisfies the

relationship M > Q. The BS and non-orthogonal users are

equipped with single antenna, and the RIS consists of K con-

figurable elements. Owing to the serious blockage, we assume

that the line of sight (LoS) components of links from the BS

to users are not available, while the non line of sight (NLoS)

components are existed. Hence the direct links between the BS

and users are modeled as the Rayleigh fading. Since the RIS is

usually deployed in places with abundant LoS components, the

wireless links from BS to RIS, and then to users are assumed

to be Rician fading. To facilitate analysis, we considered that

M users are assigned to M/2 orthogonal pairs1. A pair of

users are selected to carry out the NOMA protocol, where the

nearby user n and distant user m can be distinguished based

on their channel conditions. It is noteworthy that our proposed

RIS-U-NOMA framework is valid for both near-field and far-

field RIS [40]. For the sake of simplicity, the case where

both of the BS and users are in the far-field of the RIS is

discussed. The complex channel coefficients from BS to non-

orthogonal users, BS to RIS, and then to users are denoted

by hμ, h̃br ∈ C
K×1 and h̃Rμ ∈ C

K×Q with μ ∈ {m,n},
respectively. The effective cascade channels from the BS to

RIS, and then to user μ are donated as h̃H
RμΘμh̃br, where

Θμ = diag(
√
βμ
1 e

jθμ
1 , ...,

√
βμ
k e

jθμ
k , ...,

√
βμ
Ke

jθμ
K ) denotes

the reflecting phase shifting matrixes of the RIS.
√
βμ
k ∈ [0, 1]

and θμk ∈ [0, 2π) denote the energy coefficient and phase

shift of the k-th element for reflecting responses, respectively.

1Considering a compelling compromise between a pair of users has been
identified as an effective way to analyze the performance of NOMA, which
is applied in many existing NOMA contributions. It is worth noting that in
the RIS-U-NOMA networks, pairing scenarios involving multiple users can
further enrich the content, which will be shelved in our future work.

Fig. 1: System model of RIS assisted unified downlink NOMA

framework.

Adjusting amplitude of RIS elements can optimize the char-

acteristics of cascade channels, but this is not the focus of this

paper. For the sake of simplicity, we consider RIS elements

own the same amplitude, i.e., βμ
1 = · · · = βμ

K = 1.

A. Signal Model

According to the principle of superposition coding [5], the

BS broadcasts the superposed signals in multiple subcarriers

to active users, where the data streams of each user is spread

over one column of sparse matrix. In addition to receiving the

signal directly transmitted by the BS, the users also receive

the signals reflected by the RIS, and the corresponding signals

received can be written as

ỹμ=diag (Hμ) (gn

√
Psanxn + gm

√
Psamxm) + nμ, (1)

where Hμ = hμ + h̃H
RμΘμh̃br. xμ, μ ∈ {m,n}, denotes

the unity power signal for user μ, i.e., E{x2μ} = 1. Let Ps

denote the transmission power at the BS and aμ is the power

allocation factor of user μ, which is considered fixed in our

model. The optimal power allocation [41, 42] are ability to

improve the performance of NOMA networks, but it is beyond

the scope of this paper. gμ = [gμ1, gμ2, · · · , gμQ]T is μ-th

column of sparse spreading matrix GQ×M , which represents

the mapping relationship of signals to different subcarriers.

More specifically, gμq = 1 and gμq = 0 means whether the

signal of μ-th user is mapped into the q-th subcarrier or not.

We assumed that gm and gn have the same column weights,

i.e., ‖gm‖ = ‖gn‖. The design of sparse codebook is able to

improve the performance of RIS-U-NOMA, but it is not the

focus of this treatise. nμ ∼ CN (0, N0IQ) denotes the additive

white Gaussian noise (AWGN). hμ = [h̃μ1, h̃μ2, · · · , h̃μQ]T
denotes the channel vector from the BS to μ-th user occupying

Q subcarriers and h̃μq =
√
ηhμq√
dα
μ

, where hμq ∼ CN (0, 1) is

Rayleigh fading channel gain for user μ in the q-th subcarrier.

Additionally, dμ, α and η are the distance from BS to μ-

th user, the path loss exponent and the frequency dependent
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factor, respectively. Denoting h̃br = [h̃br1, h̃br2, · · · , h̃brQ]T
and h̃Rμ can be written as

h̃Rμ =

⎛⎜⎜⎜⎜⎜⎝
h̃Rμ11 h̃Rμ21 · · · h̃RμQ1

h̃Rμ12 h̃Rμ22 · · · h̃RμQ2

...
...

. . .
...

h̃Rμ1K h̃Rμ2K · · · h̃RμQK

⎞⎟⎟⎟⎟⎟⎠ . (2)

Let h̃brq =
√
ηd−α

br

(√
κ1

κ1+1 +
√

1
κ1+1hbrq

)
and h̃Rμqk =√

ηd−α
Rμ

(√
κ2

κ2+1 +
√

1
κ2+1hRμqk

)
, which are the channel

coefficients from BS to RIS in q-th subcarrier and the RIS to

user μ in k-th reflecting elements, respectively. κ1 and κ2 are

the Rician factors for above channel coefficients, respectively.

Without loss of generality, we consider κ1 = κ2 = κ in our pa-

per2. The fading gains hbrq and hRμqk are complex distributed

with zero mean and unit variance, i.e., hbrq ∼ CN (0, 1) and

hRμqk ∼ CN (0, 1).

On the basis of the number of subcarriers, RIS-U-NOMA

can be reduced into RIS-CD-NOMA (Q �= 1) and RIS-PD-

NOMA (Q = 1), respectively. Without loss of generality, we

focus on paired users in the following. To enhance the received

SNRs and diversity orders, the maximal ratio combiner (MRC)

[5] is applied at the μ-th user over Q subcarriers. Note

that using MRC is not optimal but with low computational

complexity and practicality. Let wμ =
(diag(Hμ)gμ)

∗

‖diag(Hμ)gμ‖ , and then

the received signal at the μ-th user can be given by

ỹμ=wμdiag (Hμ) (gn

√
Psanxn + gm

√
Psamxm) +wμnμ.

(3)

On the principle of SIC, the nearby user n first detects the

signal xm, then subtracts it and decodes its own signal. Hence,

the signal-plus-interference-to-noise (SINR) at user n to detect

the signal xm is given by

γn→m =
ρ
∥∥∥diag(hn + h̃H

RnΘnh̃br)gm

∥∥∥2am
ρ
∥∥∥diag(hn + h̃H

RnΘnh̃br)gn

∥∥∥2an + 1
, (4)

where ρ = Ps

N0
denotes the transmit SNR.

Based on the operations regarding pSIC and ipSIC, we

subtract the decoded signal xm. Then the SINR of user n to

decode the information of itself for pSIC and ipSIC is given

by

γn =
ρ
∥∥∥diag(hn + h̃H

RnΘnh̃br)gn

∥∥∥2an
ψρ‖hI‖2 + 1

. (5)

ψ = 0 and ψ = 1 denote the case of pSIC and ipSIC,

respectively. More specifically, hI = [hI1, hI2, · · · , hIQ]T
denotes the residual interference caused by ipSIC on the Q
subcarriers, in which hIq ∼ CN (0,ΩI).

2By setting different rician factors of the two channel coefficients, we can
evaluate the system performance more comprehensively, but this is not the
focus of our paper.

The SINR of user m to decode its information by treating

the signal of user n as interference is written as

γm =
ρ
∥∥∥diag(hm + h̃H

RmΘmh̃br)gm

∥∥∥2am
ρ
∥∥∥diag(hm + h̃H

RmΘmh̃br)gn

∥∥∥2an + 1
. (6)

B. RIS-OMA
In this subsection, the RIS-OMA is selected as one of the

baseline for the purpose of comparison, where the RIS is

deployed to assist the BS to send the information to user o.

The subscript o indicates the orthogonal user. Under the above

system conditions, the detecting SNR of user o for RIS-OMA

can be given by

γOMA
o = ρ

∥∥∥diag(ho + h̃H
RoΘoh̃br)go

∥∥∥2. (7)

C. Channel Statistical Properties
In this subsection, the channel statistical properties of cas-

cade Rician channels are provided, which will be employed

to analyze outage behaviors under RIS-U-NOMA framework

in the following sections. On the basis of the above discus-

sions, the channel coefficient h̃brq and h̃Rμqk follow Rician

distribution, whose PDF and CDF can be obtained from [43].

In order to attain superior performance, the coherent phase

shifting scheme is selected to deal with the cascade Rician

channels. As a further development, the PDF of cascade Rician

fading channels from the BS to the RIS, and then to user μ,

i.e., f|h̃Rμqkh̃brq| can be given by [44]

f|h̃Rμqkh̃brq|(x) =
∞∑
i=0

∞∑
j=0

4xi+j+1(κ+ 1)
i+j+2

κi+j

(i!)
2
(j!)

2
e2κ

× (ζbrζRμ)
− i+l

2 −1
Ki−j

[
2x (κ+ 1)√
ζbrζRμ

]
, (8)

where ζbr = ηd−α
br , ζRμ = ηd−α

Rμ , respectively. And Kv (·)
denotes the modified Bessel function of the second kind with

order v [45, Eq. (8.432)]. For notational simplicity, we denote

Yqk =
∣∣∣h̃Rμqkh̃brq

∣∣∣. The mean and variance of Yqk can be

obtained as

E (Yqk) =
π
√
ζbrζRμ

4 (κ+ 1)

[
L 1

2
(−κ)

]2
, (9)

and

D (Yqk) = ζbrζRμ

{
1− π2

16(1 + κ)
2

[
L 1

2
(−κ)

]4}
, (10)

respectively, where L 1
2
(·) is the Laguerre polynomial and can

be written as L 1
2
(κ) = e

1
2

[
(1− κ)K0

(−κ
2

)− κK1

(−κ
2

)]
.

III. OUTAGE PROBABILITY

In this section, the outage probability is chosen as the metric

to reveal the performance of the RIS-U-NOMA networks.

The approximated and asymptotic expressions of user n with

ipSIC/pSIC and user m are derived in detail. According to the

approximated results, we obtain the diversity orders of user n
with ipSIC/pSIC and user m at high SNRs.
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A. The Outage Probability of User n

For the nearby user n, it can communicate successfully with

the BS in the following two steps:

• The user n decodes and subtracts the signal of the user

m.

• The user n decodes its own signal without interference

from xm.

Therefore, user n will be interrupted when either of these two

steps fails to decode, and the outage probability of user n in

RIS-U-NOMA networks can be expressed as

Pn = 1− Pr (γn→m > εm, γn > εn) , (11)

where εm = 2Rm − 1 and εn = 2Rn − 1 represent the

target SNRs of user m and user n, respectively. The following

theorem provide the outage probability of user n in the case

of ipSIC.

Theorem 1. The approximated expression of outage proba-
bility for user n with ipSIC for RIS-CD-NOMA networks can
be given by

PRIS−CD
n,ipSIC ≈

U∑
u=1

Au
xQ−1
u

(Q− 1)!
γ

(
Qμ2

Z,n

σ2
Z,n

,

√
QχμZ,n

σ2
Z,n

)

×
[
Γ

(
Qμ2

Z,n

σ2
Z,n

)]−1

, (12)

where χ = ξ (ψxuΩLIρ+ 1), ξ
Δ
= max (τ, β),

τ = εm
ρ(am−εman)

with am > εman and β = εn
anρ

.
With the case of ipSIC, we can apply ψ = 1.

μZ,n =
√
πζBn

2 +
√
ζbrζRn

σ2
ccΓ((Kμ2

cc+σ2
cc)(σ

2
cc)

−1)
μccΓ(Kμ2

cc(σ
2
cc)

−1)
and

σ2
Z,n = ζBn + ζbrζRn

(σ2
cc)

2
Γ((Kμ2

cc+2σ2
cc)(σ

2
cc)

−1)
μ2
ccΓ(Kμ2

cc(σ
2
cc)

−1)
+

√
ζBnζbrζRnσ

2
ccΓ((Kμ2

cc+σ2
cc)(σ

2
cc)

−1)
μccΓ(Kμ2

cc(σ
2
cc)

−1)
− (μZ,n)

2. μcc and

σ2
cc are mean and variance of the cascade channel obtained

from Section II.C, respectively, which can be given by

μcc =
π

4(κ+1)

[
L 1

2
(−κ)

]2
and σ2

cc = 1 − π2

16(κ+1)2

[
L 1

2
(κ)

]4
.

The lower incomplete Gamma function is expressed as
γ (a, x) =

∫ x

0
ta−1e−tdt and Γ (·) denotes the gamma

function [45, Eq. (8.310.1)]. xu and Au are the abscissas
and weight of Gauss-Laguerre quadrature, respectively.
In particularly, xu is the u-th zero point of Laguerre
polynomial LU (xu) and the u-th weight can be expressed
as Hu = (U !)2xu

[LU+1(xu)]
2 . In addition, U is the parameter to

guarantee a complexity-accuracy tradeoff.

Proof. See Appendix A.

Corollary 1. For the special case of ψ = 0, the approximated
expression of outage probability for user n in RIS-CD-NOMA
networks can be represented as

PRIS−CD
n,pSIC ≈

U∑
u=1

Au
xQ−1
u

(Q− 1)!
γ

(
Qμ2

Z

σ2
Z

,

√
QξμZ

σ2
Z

)

×
[
Γ

(
Qμ2

Z

σ2
Z

)]−1

. (13)

Proof. Upon substituting ψ = 0 into (12) and applying similar

processes, the outage probability of user n with pSIC can be

written as

PRIS−CD
n,pSIC =

2 (κ+ 1)

Γ (ϕn + 1)αsneκ

∫ √
ξ

0

xe−(κ+1) x2

αsn

×K0

⎛⎝2x

√
κ (κ+ 1)

αsn

⎞⎠ γ

(
ϕn + 1,

√
ξ − x
φn

)
dx.

(14)

By further applying Gaussian-Chebyshev quadrature into the

above integral expression, we can obtain (13). The proof is

completed.

Corollary 2. For the special case with Q = 1, the ap-
proximated expression of outage probability for user n with
ipSIC/pSIC for RIS-PD-NOMA networks can be expressed as

PRIS−PD
n,ipSIC ≈

U∑
u=1

Auγ

(
μ2
Z

σ2
Z

,

√
ξ (xuΩLIρ+ 1)μZ

σ2
Z

)

×
[
Γ

(
μ2
Z

σ2
Z

)]−1

, (15)

and

PRIS−PD
n,pSIC ≈

U∑
u=1

Auγ

(
μ2
Z

σ2
Z

,

√
ξμZ

σ2
Z

)[
Γ

(
μ2
Z

σ2
Z

)]−1

, (16)

respectively.

B. The Outage Probability of User m

Based on the NOMA principle, if the user m can’t decode

its own information from the signals received, the commu-

nication of the user m will be interrupted. In this case, the

corresponding outage probability can be given by

Pm = Pr (γm < εm) , (17)

where εm = 2Rm − 1 and Rm is the target rate.

Theorem 2. The approximated expression of outage proba-
bility for user m in RIS-CD-NOMA networks can be given
by

PRIS−CD
m =

[
Γ

(
Qμ2

Z,m

σ2
Z,m

)]−1

γ

(
Qμ2

Z,m

σ2
Z,m

,

√
QτμZ,m

σ2
Z,m

)
,

(18)

where μZ,m =
√
πζBm

2 +
√
ζbrζRm

σ2
ccΓ((Kμ2

cc+σ2
cc)(σ

2
cc)

−1)
μccΓ(Kμ2

cc(σ
2
cc)

−1)

and σ2
Z,m = ζBm + ζbrζRm

(σ2
cc)

2
Γ((Kμ2

cc+2σ2
cc)(σ

2
cc)

−1)
μ2
ccΓ(Kμ2

cc(σ
2
cc)

−1)
+

√
ζBmζbrζRmσ2

ccΓ((Kμ2
cc+σ2

cc)(σ
2
cc)

−1)
μccΓ(Kμ2

cc(σ
2
cc)

−1)
− (μZ,m)2. μcc and σ2

cc

are mean and variance of the cascade channel, which can

be represent as μcc = π
4(κ+1)

[
L 1

2
(−κ)

]2
and σ2

cc = 1 −
π2

16(κ+1)2

[
L 1

2
(κ)

]4
. τ = εm

ρ(am−εman)
is a variant of user m’s

target SNR.
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Proof. See Appendix B.

Corollary 3. For the special case with Q = 1, the approxi-
mated expression of outage probability for user m in RIS-PD-
NOMA networks can be written as

PRIS−PD
m =

[
Γ

(
μ2
Z

σ2
Z

)]−1

γ

(
μ2
Z

σ2
Z

,

√
τμZ

σ2
Z

)
. (19)

Proposition 1. According to above analyses, the system out-
age probability of RIS-CD-NOMA and RIS-PD-NOMA can be
given by

PRIS−CD
� = 1− (

1− PRIS−CD
n,�

) (
1− PRIS−CD

m

)
, (20)

and

PRIS−PD
� = 1− (

1− PRIS−PD
n,�

) (
1− PRIS−PD

m

)
, (21)

where � ∈ {ipSIC, pSIC}. PRIS−CD
n,ipSIC , PRIS−CD

n,pSIC and
PRIS−CD
m are given by (12), (13) and (18), respectively.
PRIS−PD
n,ipSIC , PRIS−PD

n,pSIC and PRIS−PD
m can be obtained from

(15), (16) and (19), respectively.

C. The Outage Probability of RIS-OMA

For RIS-OMA networks, the communication process of a

pair of users is completed in two time slots. In each time

slot, the BS communicates with one of orthogonal users. In

this case, we can define the outage probability as the received

SNR, i.e., γOMA
o , falls bellow the target SNR, which we can

express as

POMA
o = Pr

(
γOMA
o < εOMA

o

)
, (22)

where εOMA
o = 22R

OMA
o − 1 denotes the threshold SNR of

user o to detect the signal xo. Similar to the above derivation

process, we can get the outage probability of user o in the

following theorem.

Theorem 3. The approximated expression of outage proba-
bility for user o in RIS-OMA networks can be given by

POMA
o =

[
Γ

(
Qμ2

Z

σ2
Z

)]−1

γ

(
Qμ2

Z

σ2
Z

,

√
QξoμZ

σ2
Z

)
, (23)

where ξo =
εOMA
o

ρ .

Proof. Upon substituting (7) into (22), the outage probability

of user o can be given by

POMA
o = Pr

⎡⎢⎢⎣∥∥∥diag(ho + h̃H
RoΘoh̃br)go

∥∥∥2︸ ︷︷ ︸
Zo

<
εOMA
o

ρ

⎤⎥⎥⎦ .
(24)

Due to two time slots are required to complete the transmission

of near and far users in RIS-OMA networks, we denote the

target SNR for user o as εOMA
o = 22R

OMA
o − 1. From the

outcome in Appendix A, the CDF of Zo can be represent as

FZo
(z) ≈ [Γ(ϕz + 1)]

−1
γ

(
ϕz + 1,

√
Qz

φz

)
, (25)

Applying (25) into (24), the expression in (23) can be

obtained. The proof is completed.

Proposition 2. Similar to (21), the system outage probability
of RIS-OMA can be written as

POMA = 1−
∏
o

(
1− POMA

o

)
, (26)

where POMA
o is given by (23).

D. Diversity Order Analysis

For the purpose of gaining better insights, the diversity order

is an important parameter to evaluate the outage performance.

It can express the slope and trend of the curves as SNR

changes. Precisely speaking, the diversity order is defined as

D = − lim
ρ→∞

log (P∞ (ρ))

log ρ
, (27)

where P∞ (ρ) denotes the asymptotic outage probability at

high SNRs.

Corollary 4. When ρ → ∞, the asymptotic expression for
outage probability of user n with ipSIC can be given by

P∞n,ipSIC =
U∑

u=1

Au
xQ−1
u

(Q− 1)!
γ

(
Qμ2

Z

σ2
Z

,

√
Qχ̃μZ

σ2
Z

)

×
[
Γ

(
Qμ2

Z

σ2
Z

)]−1

, (28)

where χ̃ = lim
ρ→∞ ξ (ψxuΩLIρ+ 1) ≈ xuΩLIρξ, ξ

Δ
=

max (τ, β), τ = εm
ρ(am−εman)

and β = εn
anρ

.

Remark 1. Upon substituting (28) into (27), user n achieves
zero diversity order as ipSIC applied, which leads to the same
conclusion as traditional NOMA communication. It is caused
by the effect of residual interference.

Corollary 5. When ρ → ∞, the asymptotic expression for
outage probability of user n with pSIC can be given by

P∞n,pSIC =
U∑

u=1

Au
xQ−1
u

(Q− 1)!
γ

(
Qμ2

Z

σ2
Z

,

√
QξμZ

σ2
Z

)

×
[
Γ(
Qμ2

Z

σ2
Z

)

]−1

, (29)

Remark 2. Substituting (29) into (27), the diversity order
of user n with pSIC can be achieved by Qμ2

n

2σ2
n

, which is in
connection with Q, K and κ. For the case with Q = 1, the
diversity order of user n with pSIC can be obtained by μ2

n

2σ2
n

,
which is related to the parameters K and κ.

Corollary 6. When ρ → ∞, the asymptotic expression for
outage probability of user m is given by

P∞m =

[
Γ

(
Qμ2

Z

σ2
Z

)]−1
σ2
Z

Qμ2
Z

(√
QτμZ

σ2
Z

)Qμ2
Z

σ2
Z
. (30)
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Proof. According to the series representation γ(α, x) =
∞∑

n=0

(−1)nxα+n

n!(α+n) [45, Eq. (8.354.1)], as ρ tends to infinity, i.e.,

τ → 0, we can approximate γ(
Qμ2

Z

σ2
Z
,
√
QτμZ

σ2
Z

) with the first

term of the series, which can be expressed as

γ

(
Qμ2

Z

σ2
Z

,

√
QτμZ

σ2
Z

)
≈ σ2

Z

Qμ2
Z

(√
QτμZ

σ2
Z

)Qμ2
Z

σ2
Z
. (31)

Substitute (31) into (18) to obtain (30). The proof is completed.

Remark 3. Substituting (30) into (27), the diversity order of
user m can be obtained by Qμ2

m

2σ2
m

, which is obviously related
to the number of subcarriers Q, RIS elements number K and
Rician factor κ. For the special case with Q = 1, i.e., RIS-
PD-NOMA, the diversity order of user m can be obtained by
μ2
m

2σ2
m

, which is related to the parameters K and κ.

IV. ERGODIC RATE

In this section, the performance of ergodic rate for user

n and user m for RIS-U-NOMA networks will be analyzed.

For a more comprehensive analysis, we consider both the

ipSIC/pSIC cases.

For the nearby user n, the ergodic rate can be given by

Rerg
n = E

⎡⎢⎣log
⎛⎜⎝1 +

ρ
∥∥∥diag(hn + h̃H

RnΘnh̃br)gn

∥∥∥2an
ψρ‖hI‖2 + 1

⎞⎟⎠
⎤⎥⎦ ,

(32)

where ψ = 0, 1 denote pSIC and ipSIC, respectively. It is

worth pointing out that when ψ = 1, it is difficult to obtain

the ergodic rate expression. We can use simulation software

to numerically evaluate this situation in the next section. In

addition, the following theorem will focus on the ergodic rate

for user n with pSIC.

Theorem 4. The ergodic rate for user n with pSIC for RIS-
CD-NOMA networks can be simplified to the form as (33) at
the top of next page.

Proof. By substituting ψ = 0 into (32), the ergodic rate of

user n with pSIC can be calculated as

Rerg,CD
n,pSIC =E

⎡⎢⎢⎣log
⎛⎜⎜⎝1 +

∥∥∥diag(hn + h̃H
RnΘnh̃br)gn

∥∥∥2︸ ︷︷ ︸
Z1

ρan

⎞⎟⎟⎠
⎤⎥⎥⎦

=
ρan
ln 2

∫ ∞

0

1− FZ1
(x)

1 + ρanx
dx. (34)

By the virtue of (13), the CDF of Z1 can be represented as

FZ1
(x) ≈

U∑
u=1

Au
xQ−1
u

(Q− 1)!
γ

(
Qμ2

Z

σ2
Z

,

√
QxμZ

σ2
Z

)

×
[
Γ

(
Qμ2

Z

σ2
Z

)]−1

. (35)

Substituting (35) into (34), (33) can be obtained. The proof is

completed.

Corollary 7. For the special case with Q = 1, the ergodic
rate for user n with pSIC for RIS-PD-NOMA networks can be
expressed as (36) at the top of next page.

The ergodic rate for user m will be affected by the signal

of user n, which can be expressed by the following theorem.

Theorem 5. The ergodic rate for user m in RIS-CD-NOMA
networks can be given by

Rerg,CD
m =

1

ln 2

∫ am
an

0

1

1 + x
−
[
(1 + x)Γ

(
Qμ2

Z

σ2
Z

)]−1

× γ
(
Qμ2

Z

σ2
Z

,
μZ

σ2
Z

√
Qx

ρ (am − xan)

)
dx. (37)

Proof. See Appendix C.

Corollary 8. For the special case with Q = 1, the ergodic
rate for user m in RIS-PD-NOMA networks can be expressed
as

Rerg,PD
m =

1

ln 2

∫ am
an

0

1

1 + x
−
[
(1 + x)Γ

(
μ2
Z

σ2
Z

)]−1

× γ
(
μ2
Z

σ2
Z

,
μZ

σ2
Z

√
x

ρ (am − xan)
)
dx. (38)

As for RIS-OMA networks, the expression of achievable

data rate can be written as ROMA
o = 1

2 log
(
1 + γOMA

o

)
.

Referring to the derivation processes of (34), the expression

of ergodic rate for user o can be provided in the following

corollary.

Corollary 9. The ergodic rate expression for user o in RIS-
OMA networks can be given by

Rerg
o,OMA =

ρ

2 ln 2

∫ ∞

0

Γ
(

Qμ2
Z

σ2
Z

)
− γ

(
Qμ2

Z

σ2
Z
,
√
QxμZ

σ2
Z

)
Γ
(

Qμ2
Z

σ2
Z

)
(1 + ρx)

dx.

(39)

A. Slope Analysis

Resemble the diversity order, the slope of the performance

curve at high SNRs is another performance evaluation metric,

which is designed to highlight the diversity in ergodic rate.

Therefore, the slope of the ergodic rate can be defined as

S = lim
ρ→∞

R∞erg (ρ)
log (ρ)

, (40)

where R∞erg (ρ) is the approximated ergodic rate in high SNR

region.

It can be observed from (33) that it is difficult to calculate

the asyptotic expression of the ergodic rate at high SNRs. To

advance further analysis, we try to apply Jensen Inequality to

obtain the following theorem for the upper bound of ergodic

rate.
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Rerg,CD
n,pSIC =

ρan
ln 2

∫ ∞

0

(1 + ρanx)
−1

{
1−

U∑
u=1

Au
xQ−1
u

(Q− 1)!
γ

(
Qμ2

Z

σ2
Z

,

√
QxμZ

σ2
Z

)[
Γ

(
Qμ2

Z

σ2
Z

)]−1
}
dx. (33)

Rerg,PD
n,pSIC =

ρan
ln 2

∫ ∞

0

(1 + ρanx)
−1

{
1−

U∑
u=1

Auγ

(
μ2
Z

σ2
Z

,

√
xμZ

σ2
Z

)[
Γ

(
μ2
Z

σ2
Z

)]−1
}
dx. (36)

Theorem 6. The upper bound of ergodic rate for user n with
pSIC for RIS-CD-NOMA networks can be obtained as

Rupp,CD
n,pSIC = log

⎡⎣1 + ρanQ

⎛⎝ζBn +
σ4
Z

μ2
Z

ζbrζRn

Γ
(

Kμ2
Z

σ2
Z

+ 2
)

Γ
(

Kμ2
Z

σ2
Z

)
+
√
πζBnζbrζRn

σ2
Z

μZ

Γ
(

Kμ2
Z

σ2
Z

+ 1
)

Γ
(

Kμ2
Z

σ2
Z

)
⎞⎠⎤⎦ , (41)

where μZ =
√
πζBn

2 +
√
ζbrζRn

σ2
ccΓ((Kμ2

cc+σ2
cc)(σ

2
cc)

−1)
μccΓ(Kμ2

cc(σ
2
cc)

−1)

and σ2
Z = ζBn + ζbrζRn

(σ2
cc)

2
Γ((Kμ2

cc+2σ2
cc)(σ

2
cc)

−1)
μ2
ccΓ(Kμ2

cc(σ
2
cc)

−1)
+

√
ζBnζbrζRnσ

2
ccΓ((Kμ2

cc+σ2
cc)(σ

2
cc)

−1)
μccΓ(Kμ2

cc(σ
2
cc)

−1)
− (μZ)

2.

Proof. With the assistance of (34) and Jensen Inequality, the

upper bound of ergodic rate can be written as

Rerg,CD
n,pSIC = E

[
log

(
1 +

∥∥∥diag(hn + h̃H
RnΘnh̃br)gn

∥∥∥2ρan)]

≤ log

⎡⎢⎢⎣1 + ρanE

⎛⎜⎜⎝∥∥∥diag(hn + h̃H
RnΘnh̃br)gn

∥∥∥2︸ ︷︷ ︸
Y

⎞⎟⎟⎠
⎤⎥⎥⎦ .

(42)

On the basis of (9), (10) and [43, Eq. (2.16)], we can achieve

the expectation of Y . After some mathematical manipulations,

(41) can be obtained. The proof is completed.

Corollary 10. For the special case with Q = 1, the upper
bound of ergodic rate for user n with pSIC for RIS-PD-NOMA
networks can be given by

Rupp,PD
n,pSIC = log

⎡⎣1 + ρan

⎛⎝ζBn +
σ4
Z

μ2
Z

ζbrζRn

Γ
(

Kμ2
Z

σ2
Z

+ 2
)

Γ
(

Kμ2
Z

σ2
Z

)
+
√
πζBnζbrζRn

σ2
Z

μZ

Γ
(

Kμ2
Z

σ2
Z

+ 1
)

Γ
(

Kμ2
Z

σ2
Z

)
⎞⎠⎤⎦ . (43)

Remark 4. Upon substituting (41) into (40), the slope of user
n with pSIC at high SNRs is equal to one, which comes to a
consistent conclusion with conventional RIS-NOMA networks.
It shows that the high SNR slope won’t be improved by the
direct link between BS and user n.

TABLE I: Summary of Diversity order and Slope at high SNRs

Type Q User SIC D S

RIS-OMA —— o ——
Qμ2

o
2σ2

o

1
2

RIS-U-NOMA

Q = 1

m ——
μ2
m

2σ2
m

0

n
ipSIC 0 —

pSIC
μ2
n

2σ2
n

1

Q > 1

m ——
Qμ2

m
2σ2

m
0

n
ipSIC 0 —

pSIC
Qμ2

n
2σ2

n
1

When ρ → ∞, the asymptotic expression of ergodic rate

for user m in RIS-U-NOMA networks can be given by

R∞m,erg = log

[
1 +

(
am
an

)]
. (44)

Remark 5. By substituting (44) into (40), the numerical value
of high SNR slope of user m is zero.

Corollary 11. For RIS-OMA networks, the upper bound of
ergodic rate for user o can be represented by

Rupp
o,OMA =

1

2
log

⎡⎣1 + ρN

⎛⎝ζBμ +
σ4
Z

μ2
Z

ζbrζRμ

Γ
(

Kμ2
Z

σ2
Z

+ 2
)

Γ
(

Kμ2
Z

σ2
Z

)
+
√
πζBμζbrζRμ

σ2
Z

μZ

Γ
(

Kμ2
Z

σ2
Z

+ 1
)

Γ
(

Kμ2
Z

σ2
Z

)
⎞⎠⎤⎦ . (45)

Remark 6. Substituting (45) into (40), the high SNR slope for
RIS-OMA networks is obtained to be 1

2 .

The relationship between different factors and metrics are

summarized in TABLE I, where we use “Q” , “D” and “S” to

represent the number of subcarriers, diversity order and slope

in high SNR regime, respectively.

B. System throughput
In delay-limited transmission scenario, to observe the sys-

tem throughput, we could appraise the outage probability per-

formance at a constant transmission rate, i.e., Rn and Rm [38].

As for delay-tolerant mode, the throughput is affected by the

constant transmission rate sent by the BS. As a consequence,

the delay-limited and delay-tolerant system throughput for

RIS-U-NOMA networks can be given by

RΞ
dl,Λ =

(
1− PΞ

n,Λ

)
Rn +

(
1− PΞ

m

)
Rm, (46)
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TABLE II: The parameters for simulation results

Monte Carlo simulations repeated 107 iterations

Power allocation factors in BS
am = 0.8

an = 0.2

Target data rates
Rm = 0.1 ∼ 1 BPCU

Rn = 0.1 ∼ 1 BPCU

Distance from BS to user m 10 m

Distance from BS to user n 8 m

Distance from BS to RIS 5 m

Distance from RIS to user m 6 m

Distance from RIS to user n 4 m

Pass loss exponent α = 2

and

RΞ
dt = Rerg,Ξ

m +Rerg,Ξ
n,pSIC , (47)

respectively. Ξ ∈ {CD,PD}. PCD
n,ipSIC , PCD

n,pSIC , PPD
n,ipSIC

and PPD
n,pSIC can be obtained from (12), (13), (15) and (16),

respectively. According to (18) and (19), PCD
m and PPD

m can

be achieved. And Rerg,CD
n,pSIC ,Rerg,PD

n,pSIC , Rerg,CD
m and Rerg,PD

m

can be substituted from (33), (36), (37) and (38), respectively.

V. SIMULATION RESULTS

In this section, we utilize Monte Carlo simulation to verify

the results of performance analysis derived for the RIS-U-

NOMA networks in the previous sections. The simulation

parameters used in this section are summarized in Table II. For

notational simplicity, BPCU is used to denote bit per channel

use. To ensure the accuracy of the conclusion, the complexity-

accuracy trade-off parameter U is set to be U = 50. We

select different values of subcarrier number Q, configurable

elements K and Rician factor κ to analyze the effects of the

parameters. Also, the variations of BPCU and path loss α are

within our consideration. For comparison purposes, RIS-OMA

and FD/HD-DF relays are selected as benchmarks.

A. Outage Probability

To reflect the superiority of RIS-U-NOMA networks, Fig. 2

plots the outage probability versus SNR with different values

of residual interference and benchmarks, with a target rate

of Rm = 0.5 and Rn = 0.5 BPCU. The parameters of

subcarrier number, Rician factor and configurable elements are

Q = 2, κ = −10 dB and K = 50, respectively. Based on (12)

and (13), the outage probability for user n with ipSIC/pSIC

are plotted by the circle and exact right triangle curves,

respectively. The corresponding curves of user m are plotted

by exact diamond solid according to (18). The plus sign solid

line for outage probability of user o in RIS-OMA is plotted in

view of (23). The simulation points shown by solid black dot

are given by Monte Carlo simulation, which match well with

the theoretical results. We can observe from the figure that the

outage behavior of user m in RIS-U-NOMA networks is better

than that of RIS-OMA and conventional FD/HD-DF relays,

which are plotted by red asterisk and equilateral triangle solid

line, respectively. The primary reasons can be summarized

as follows: 1) RIS-U-NOMA networks can provide better
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Fig. 2: Outage probability versus the transmit SNR, with Q =
2, K = 50, κ = −10 dB, Rm = 0.5 and Rn = 0.5 BPCU.

user fairness, more rate-pair-selectivity and better flexibility

compared with RIS-OMA; 2) The loop residual interference

will have a more serious influence on FD-DF relays, and it is

supposed to use efficient cancellation method to eliminate the

impact; and 3) HD-DF relays are not affected by loop residual

interference, but in terms of implementation, this mode sacri-

fices some performance. Moreover, the influence of different

values of residual interference are taken into consideration.

As the residual interference decreases, the outage behaviors

for users n applying ipSIC becomes better, which behaves

more closely with the pSIC case. However, it still converges

to the error floor at high SNRs. Hence, we can conclude that

user n with ipSIC has zero diversity order, which confirms

the conclusion in Remark 1. From the above conclusion, it

can be observed that less residual interference can reduce the

outage probability of the networks. It is necessary to explore an

advanced SIC method (e.g., user pair selection) to reduce the

impact of residual interference on outage performance. Fig.

3 plots the outage probability for RIS-U-NOMA networks

versus SNR. The parameters of subcarrier number, Rician

factor and residual interference are Q = 2, κ = −10 dB and

E{‖hI‖2} = −30 dB, respectively. It can be observed that

user m has better outage performance than that in RIS-OMA,

while user n in the case of pSIC is inferior to that in RIS-

OMA. This is due to the different power factors between two

users. This conclusion is similar to that in [46] and identifies a

good fairness and adaptability in the RIS-U-NOMA networks.

The asymptotic outage probability for user n with ipSIC/pSIC

and user m are indicated by blue dotted curve, on the basis of

the results in (28), (29) and (30), respectively. It provides an

efficient performance evaluation method since the asymptotic

outage probability matches the exact performance curves in

high SNR region. One can observe that the outage probability

for user n with ipSIC converges to the error floor due to the

effect of residual interference, so the diversity gain obtained in

this case is zero. The conclusion in Remark 1 is confirmed.
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Fig. 3: Outage probability versus the transmit SNR, with Q =
2, κ = −10 dB, E{‖hI‖2} = −30 dB, Rm = 0.5 and Rn =
0.5 BPCU.
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Fig. 4: Outage probability versus the transmit SNR, with K =
50, κ = −10 dB, E{‖hI‖2} = −30 dB, Rm = 0.5 and

Rn = 0.5 BPCU.

As can be seen from the figure, with the value of K increasing

from 30 to 100, the outage probability of user n and m
decreases. Meantime, the slope of the asymptotic outage

probability curve grows as K increasing, i.e., the diversity

gain is better. This is due to the diversity order of user n with

pSIC and user m are related to the RIS configurable elements,

which are also obtained from the conclusions in Remark 2
and Remark 3. Hence, in areas with poor channel conditions,

we can set up more configurable elements to compensate for

the loss of the links and satisfy different service requirements.

Additionally, Fig. 4 plots the outage probability of RIS-U-

NOMA networks versus SNR with different numbers of sub-

carrier Q, with the setting of κ = −10 dB, E{‖hI‖2} = −30
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Fig. 5: Outage probability versus the transmit SNR, with Q =
2, K = 50, E{‖hI‖2} = −30 dB, Rm = 0.5 and Rn = 0.5
BPCU.

dB, Rm = 0.5 and Rn = 0.5 BPCU. As for the case of

Q = 1, the RIS-U-NOMA network is applied into RIS-PD-

NOMA. The approximated outage probability curve of the

user n in ipSIC/pSIC cases and user m for RIS-PD-NOMA

are plotted by (15), (16) and (19), respectively. It is worth

pointing that the asymptotic outage probability for users is

similar to the analysis results under high SNR regime. In

addition, as Q varies from 1 to 4, we can observe from the

figure that the outage probability of users m and n is getting

much smaller and asymptotic curves gain a steeper slope, i.e.,

the diversity order gain is better. This is because the diversity

order is related to the number of subcarriers Q, which is also

obtained from Remark 2 and Remark 3. As for the case of

ipSIC, user n has a smaller error floor as Q grows, while the

diversity order gain are zero in all conditions. This situation

indicates that the number of subcarrier has a great impact on

the performance. We can reasonably adjusted it according to

actual communication needs.

Fig. 5 plots the outage probability of RIS-U-NOMA net-

works versus SNR including different Rician factors, with

Q = 2, K = 50 and E{‖hI‖2} = −30 dB. We can

observe that the Rician factor κ has a certain influence on

the performance of the RIS-U-NOMA networks. As κ grows

from -30 dB to -10 dB, the outage probability of user n will

decrease, thus the system performance will become better. The

outage behaviors of user m will also have the same trend.

This is because the LoS component dominates the Rician

fading channel, which determined by Rician factor κ. As

a further advance, Fig. 6 depicts the relationship between

outage probability and SNR in RIS-U-NOMA networks with

the setting of different path loss parameters. As the path loss

exponent increases, the pass loss expression d−α will decrease,

which means the channel gain will decrease. It will cause the

outage behaviors of user n and user m becomes worse. This

is because the propagation environment and distance are the
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Fig. 6: Outage probability versus the transmit SNR, with Q =
2, K = 50, κ = −10 dB, E{‖hI‖2} = −30 dB, Rm = 0.5
and Rn = 0.5 BPCU.
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Fig. 7: Outage probability versus the transmit SNR, with Q =
2, K = 50, κ = −10 dB and E{‖hI‖2} = −30 dB.

determinants of the pass loss expression. When the path loss

expression is relatively small, it indicates that the environment

of the signal propagation path is poor. It can be concluded

that in practical applications, RIS can be deployed flexibly

to improve path quality to reduce the probability of outage

events. For example, the RIS can be arranged in an open place

by unmanned aerial vehicle (UAV) to obtain better channel

conditions and greater Rician factors, which will be beneficial

for outage performance. At the same time, according to the

channel feedback, the UAV can be adjusted to be in a position

with better channel conditions at all times. Moreover, Fig. 7

describes the relationship between the outage probability and

SNR. The target rates are variable parameters from 0.1 to 1

BPCU, with the setting of Rm = Rn. It can be noted that the

Fig. 8: Outage probability versus the transmit SNR and ã, with

Q = 2, K = 50, κ = −10 dB, E{‖hI‖2} = −30 dB.

outage probability of the RIS-U-NOMA networks gets larger

as the target rate increases. This is due to the user’s target SNR

is a function of the target rate, i.e., an increase in the target

rate results in larger target SNR. It is beneficial to pair users

with large target rate differences, which can be favorable to the

application of SIC. It is also worth noting that the parameters

of small target rate can be applied to the rapidly developing

Internet of Things scenarios.

Fig. 8 plots the outage probability versus SNR and the

power allocation factor ã, ã ∈ (0, 1). Other parameters are

set to be Q = 2, K = 50, κ = −10 dB, Rm = 0.5 and

Rn = 0.5 BPCU. Let an = ã and am = 1 − ã, which also

satisfies the relationship with an < am, i.e., ã < 0.5. Based

on (12) , (13) and (18), we plotted the analytical curves of

outage probability of user n with ipSIC and pSIC, user m,

respectively. As observed from the figure, the performance of

user n with ipSIC and pSIC get better with the value of ã
increases. However, the outage behavior of user m is steadily

worse. The basic reason for this behavior is that the power

of user m is reduced, while it suffers stronger interference

signals. Therefore, it is noteworthy to optimize the power

allocation factor for paired users, for the purpose of fairness

and performance balance between paired users.

B. Ergodic Rate

Fig. 9 plots the ergodic rates versus SNR, with the param-

eters of Q = 2, K = 50, κ = −10 dB and E{‖hI‖2} = −30
dB. The ergodic rates for user n with pSIC and user m
are plotted by diamond and circle solid curves according to

(33) and (37), respectively. Based on (32), the pink triangle

solid line is used to depict the ergodic rate of user n with

the case of ipSIC, whose date is obtained by Monte Carlo

simulation. Due to the influence of residual interference, that

will converge to a constant value in high SNR region. As

can be observed from the figure, the ergodic rate of user m
also tends to a constant at high SNRs, which is higher than
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Fig. 9: Ergodic rate versus the transmit SNR, with Q = 2,

K = 50, κ = −10 dB and E{‖hI‖2} = −30 dB.
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Fig. 10: Ergodic rate versus the transmit SNR, with K = 50,

κ = −10 dB and E{‖hI‖2} = −30 dB.

that in ipSIC case. This constant is represented as throughput

ceiling and plotted by the red dotted line, which means a

zero high SNR slope. This is consistent with the conclusion

in the Remark 5. In addition, khaki dotted line is picked to

plot the upper bound curve for ergodic rate, which gives a

better approximation. An important observation can be seen

from Fig. 9 that in the high SNR regime, the ergodic rate

of user n with pSIC outperforms than that of OMA users.

However, the ergodic rate of user m is inferior to OMA. This

is because the high SNR slopes of the above three satisfy

the relationship of Sn,pSIC > SOMA > Sm, which can be

obtained from Remark 4, Remark 5 and Remark 6. To

illustrate the impact of subcarrier numbers on ergodic rates,

Fig. 10 plots the ergodic rates versus SNR with different

values of Q. With the decrease of Q, the ergodic rates of user
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Fig. 11: Ergodic rate versus the transmit SNR, with Q = 2,

κ = −10 dB and E{‖hI‖2} = −30 dB.
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Fig. 12: System throughput in delay-limited transmission mode

versus SNR, with κ = −10 dB, α = 2 and K = 50.

m and n decrease significantly. Moreover, the ergodic rates

of user m with different Q eventually converge to a same

throughput ceiling, which is consistent with the discussion

in Remark 5. From this discovery, we can achieve the

same rate at high SNRs through reasonable user pairing with

fewer subcarriers Q. In order to obtain more comprehensive

analytical results, Fig. 11 plots the ergodic rates versus SNR

with different reconfigurable elements. As the number of K
grows, user n and m are capable of obtaining larger ergodic

rates. Additionally, the growth rate of user n with pSIC is

larger than other cases, which is associated with high SNR

slope.
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C. System Throughput

Fig. 12 plots the system throughput versus transmit SNR for

RIS-U-NOMA networks in delay-limited transmission mode.

According to (46), we obtain the system throughput curves

with ipSIC/pSIC. In the case of pSIC, the blue and black solid

lines represent the throughput in RIS-CD-NOMA and RIS-PD-

NOMA, respectively. As the number of subcarriers increases,

the RIS-U-NOMA networks can provide enhanced system

throughput. It is worth noting that at high SNRs, different

Q will achieve the same throughput. This can be explained by

the fact that both user n and user m can achieve lower outage

probability, which has little impact on the system throughput.

As for the case of ipSIC, the system throughput with Q = 2
and Q = 1 are represented by the red and blue dashed

lines, respectively. We observe the case of Q = 2 achieves

higher throughput compared to Q = 1, which means RIS-CD-

NOMA can achieve better throughput than RIS-PD-NOMA.

Meanwhile, with the residual interference increasing from -

40dB to -20dB, the system throughput will descend. It can be

found when E{‖hI‖2} = −40dB, the system throughput is

very close to the throughput of pSIC. This is because the effect

of residual interference is small compared to the user signals.

Another finding is that with the value of residual interference

increasing from -40 dB to -20 dB, the system throughput with

same Q does not change much at low SNRs. However, there is

a significant decrease in the high SNR region due to the error

floor. Therefore, the impact of ipSIC on system performance

needs to be considered in practical networks.

VI. CONCLUSION

In this paper, the RIS-U-NOMA framework is proposed,

where the performance of the RIS-U-NOMA framework is

characterized by outage probability, ergodic rate and system

throughput. We have derived the new approximated expres-

sions of the outage probability for user n with ipSIC/pSIC

and user m. According to the asymptotic expressions in high

SNR regime, the diversity order are attained carefully. The

results specified that the outage behavior of RIS-U-NOMA

is better than that of RIS-OMA and conventional FD/HD-

DF relays. Except for ipSIC case, the diversity order of RIS-

CD-NOMA is Q times that of RIS-PD-NOMA. In addition,

the ergodic rate of user n and m and their corresponding

high SNR slope have been derived. According to the analysis

results, it has been demonstrated that the ergodic rate of RIS-

CD-NOMA outperforms that of RIS-PD-NOMA. Finally, the

system throughput in delay-limited and delay-tolerant modes

has been studied. Numerical results verified the outcome of the

analysis. Based on the multiple scenarios and limited physical

resources, flexible switching of the mode in RIS-U-NOMA

framework is a promising future research direction.

APPENDIX A: PROOF OF THEOREM 1

The proof process starts by substituting (5) and (6)

into (11). Without loss of generality, we suppose gm

and gn have the same weight in each column in

GQ×M , which means
∥∥∥diag(hn + h̃H

RnΘnh̃br)gn

∥∥∥2 and

∥∥∥diag(hm + h̃H
RmΘmh̃br)gm

∥∥∥2 own the same distribution.

By applying the coherent phase shifting and some standard

mathematical manipulation, the expression of outage proba-

bility of user n with ipSIC can be obtained as

PRIS−CD
n,ipSIC =Pr

⎡⎢⎢⎣∥∥∥diag(hn + h̃H
RnΘnh̃br)gn

∥∥∥2︸ ︷︷ ︸
Zn

< ξ
(
ψ|hI |2ρ+ 1

)]
, (A.1)

where ψ = 1, ξ
Δ
= max (τ, β), τ = εm

ρ(am−εman)
and β = εn

ρan
.

It is necessary to obtain the CDF of variable Zn to complete

the proof process and we will derive it below. It can be

observed that

Zn =

Q∑
i=1

∣∣∣∣∣hni +
K∑

k=1

∣∣∣h̃Rnikh̃bri

∣∣∣∣∣∣∣∣
2

(A.2)

and it is difficult to directly solve the CDF and PDF of it.

Let zi =

∣∣∣∣hni + K∑
k=1

∣∣∣h̃Rnikh̃bri

∣∣∣∣∣∣∣ and we can get a simplified

expression Zn =
Q∑
i=1

z2i . With the aid of Jensen Inequality, the

expression of Zn can be given by

Zn ≥ 1

Q

(
Q∑
i=1

zi

)2

= Tn. (A.3)

When z1 = · · · = zQ, the equality of inequalities is obtained.

Substituting (A.3) into (A.1), an approximated expression of

the outage probability for user n can be expressed as

Pn ≈ Pr

[
T̃n =

Q∑
i=1

zi <

√
Qξ

(
ψ|hI |2ρ+ 1

)]
. (A.4)

So far, the issue of solving Zn has been transformed into the

CDF problem of T̃n. Based on the two characteristic features

of cascade Rician fading channels [47], i.e., 1) the maximum

value of the PDF is unique; 2) the PDF curve can extend

infinitely on both sides of the maximum value. Hence, we can

approximate this type of PDF expression by applying a series

of Laguerre polynomials. With the help of [47, Eq. (2.76)],

the PDF of T̃n can be approximated as

f
˜Tn

(t) ≈ tϕz

φn
ϕz+1Γ (ϕz + 1)

exp

(
− t

φz

)
, (A.5)

where ϕz =
μ2
zQ
σ2
z
− 1 and φz =

σ2
z

μz
. μz and σ2

z are the mean

and variance of zi, respectively. Let yi =
K∑

k=1

∣∣∣h̃Rnikh̃bri

∣∣∣ and

zi = |xi + yi|. On the basis of [48], we can get the expression

of the mean and variance of yi as

μyi = τb
Γ(τa + 2)

Γ(τa + 1)
, (A.6)

and

σ2
yi

=
τ2b

[
Γ (τa + 3)Γ (τa + 1)− (Γ (τa + 2))

2
]

[Γ (τa + 1)]
2 , (A.7)
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where τa =
μ2
ccK
σ2
cc
− 1 and τb =

σ2
cc

μcc
. μcc and σ2

cc can be

obtained from (9) and (10). As a further advance, the CDF of

T̃n can be given by

F
˜Tn
(t) =

∫ t

0

tϕz

φn
ϕz+1Γ (ϕz + 1)

exp

(
− t

φz

)
dt

= [Γ (ϕz + 1)]
−1
γ

(
ϕz + 1,

t

φz

)
. (A.8)

In addition, the PDF of residual interference can be written

as

f|hI |2(y) =
yQ−1e

− y
ΩI

(Q− 1)!ΩQ
I

. (A.9)

After some manipulations, the outage probability of user n
with ipSIC can be further calculated as

PRIS−CD
n,ipSIC =

∫ ∞

0

yQ−1e
− y

ΩI

(Q− 1)!ΩQ
I

[Γ (ϕz + 1)]
−1

× γ
(
ϕz + 1,

√
Qξ (ψyρ+ 1)

φz

)
dy. (A.10)

As a further development, the above indefinite integral [49, Eq.

(8.6.5)] can be approximated by Gauss-Laguerre quadrature,

which is given by∫ ∞

0

f (x) e−xdx ≈
U∑

u=1

Huf (xu). (A.11)

Utilize (A.11) into (A.10) to obtain (12). The proof is com-

pleted.

APPENDIX B: PROOF OF THEOREM 2

Upon substituting (6) into (17), the outage probability of

user m can be given by

PRIS−CD
m =Pr

⎡⎢⎢⎣∥∥∥diag(hm + h̃H
RmΘmh̃br)gm

∥∥∥2︸ ︷︷ ︸
Zm

<
εm

ρ (am − εman)
]
, (B.1)

where εm is the target SNR with the relationship am > εman.

From the derived process in Appendix A, the CDF of Zm can

be written as

FZm(z) ≈ [Γ(ϕz + 1)]
−1
γ

(
ϕz + 1,

√
Qz

φz

)
, (B.2)

Substitute (B.2) into (B.1) and perform some math substi-

tutions to obtain (18). The proof is completed.

APPENDIX C: PROOF OF THEOREM 5

Based on (6), the ergodic rate of user m in RIS-U-NOMA

networks can be calculated as (C.1) at the top of next page.
Via the assistance of (18) and coherent phase shifting, the

CDF of J can be represented as

FJ(x) =γ

(
ϕJ + 1, (φJ)

−1

√
Q

(
x

ρ(am − xan)
))

× [Γ(ϕJ + 1)]
−1

(C.2)

where am > xan. Substituting (C.2) into (C.1), the ergodic

rate of user m can be expressed as (37). The proof is

completed.
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